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Zebrafish Np63 Is a Direct Target of Bmp Signaling
and Encodes a Transcriptional Repressor Blocking
Neural Specification in the Ventral Ectoderm
become neural unless instructed by Bmps not to do so
and to become epidermal instead (Hemmati-Brivanlou
and Melton, 1997). Genetic evidence for such a Bmp-
inhibitory role of Chordin has recently come from mutant
analyses in the zebrafish (Mullins, 1999). Furthermore,
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D-79108 Freiburg it could be shown that Bmp2b, Bmp7, and two compo-
nents of the Bmp signal transduction pathway, the typeGermany
2 ERATO Kondoh Differentiation Signaling Project I receptor Alk8 and the Bmp receptor-regulated tran-
scription factor Smad5, are required for the specificationSakyo-ku
Kyoto 606-8305 of ventral fates (Mullins, 1999; Hild et al., 1999; Bauer
et al., 2001; Mintzer et al., 2001 and references therein).Japan
However, target genes regulated by the Bmp signaling
pathway and their roles during the specification of ven-
tral cell types are less well understood. In particular, it
Summary
is not known how Bmps induce epidermal cell fates and/
or prevent ectodermal cells from becoming neural. We
Bone morphogenetic proteins (Bmps) promote ventral
will argue that Np63 is involved.
specification in both the mesoderm and the ectoderm
p63, initially isolated from mammals and also known
of vertebrate embryos. Here we identify zebrafish
as p51 or KET, is a homolog of the tumor suppressor and
Np63, encoding an isoform of the p53-related protein
transcription factor p53 (reviewed in Yang and McKeon,
p63, as an ectoderm-specific direct transcriptional tar-
2000; Levrero et al., 2000). The p63 gene is transcribed
get of Bmp signaling. Np63 itself acts as a transcrip-
from two different promoters, which in combination with
tional repressor required for ventral specification in
alternative splicing gives rise to at least six isoforms.
the ectoderm of gastrulating embryos. Loss of Np63
Use of the distal promoter generates TAp63 isoforms
function leads to reduced nonneural ectoderm fol-
with the three domains also present in p53: an amino-
lowed by defects in epidermal development during
terminal acidic transactivating domain (TAD), a central
skin and fin bud formation. In contrast, forced Np63
DNA binding domain (DBD), and an oligomerization do-
expression blocks neural development and promotes
main (OD). Use of the second transcriptional start site in
nonneural development, even in the absence of Bmp
intron 3, however, leads to the generation of N-terminally
signaling. Together, Np63 fulfills the criteria to be
truncated Np63 isoforms, which lack the TA domain.
the neural repressor postulated by the “neural default
Both the TAp63 and the Np63 transcripts can undergo
model.”
differential splicing, resulting in proteins with different
C-terminal regions. The longest isoforms () contain a
fourth domain, the sterile  motif (SAM), also found inIntroduction
numerous other developmental regulators (Schultz et
al., 1997), while  forms lack most, and  forms lack allEmbryonic ectoderm is fated to become either neural
or nonneural (epidermal), depending on patterning pro- of their SAM domain. All six proteins act as transcription
factors, which can either activate or repress the expres-cesses that occur before and during gastrulation. In
amphibia and fish, ectoderm is located in the animal sion of genes under the control of p53-responsive ele-
ments (Yang et al., 1998; Levrero et al., 2000).zone of the late blastula embryo, while cells in the mar-
ginal zone are induced to form mesoderm. Both ecto- In contrast to p53 mutant mice, mice lacking the p63
gene have severe developmental defects. They lack allderm and mesoderm are patterned along the dorsoven-
tral (DV) axis, governed by the morphogenetic and squamous epithelia and their derivatives, including skin,
hair, whiskers, teeth, as well as mammary, lacrimal, andinstructive effect of bone morphogenetic proteins
(Bmps), which are secreted factors of the Tgf super- salivary glands, and they die shortly after birth due to
family (for review, see Hogan, 1996). Bmps promote the dehydration (Mills et al., 1999; Yang et al., 1999). In
specification of ventral cell fates, while dorsal cell types addition, they fail to form limbs, probably as a result of
(dorsal mesoderm and neuroectoderm) are formed when the incapability to maintain the apical ectodermal ridge
Bmps are bound and inhibited by factors secreted from (AER), a structure required for limb outgrowth. Two hu-
a dorsal organizer, such as Noggin, Follistatin, and man disorders have recently been shown to result from
Chordin (for review, see Hogan, 1996; Mullins, 1999). mutations in p63. Patients suffering from the ectodermal
For the ectoderm, this indirect and inhibitory mode of dysplasia, ectrodactyly, and cleft plate syndrome (EEC,
dorsal organizer action is described in the “neural de- OMIM 604292) have skin defects and severe limb and
fault” model, according to which ectodermal cells will craniofacial abnormalities, while the ankyloblepharon-
ectodermal dysplasia-clefting syndrome (AEC or Hay-
Wells, OMIM 106260) is characterized by fused eyelids3 Correspondence: hammerschmid@immunbio.mpg.de
and severe scalp dermatitis, but normal limb formation4 These authors contributed equally to the work.
(Celli et al., 1999; McGrath et al., 2001). These pheno-5 Present address: ZMBH, University of Heidelberg, D-69120 Heidel-
berg, Germany. types, together with the high expression rates of p63 in
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proliferating basal cells of the epidermis (Yang et al.,
1998), have led to the proposal that p63 is involved in
the regulation of proliferation and differentiation pro-
grams in epithelial tissues. As differentiated cells can
be detected in the epidermis of knockout mice (Mills et
al., 1999; Yang et al., 1999), it was further proposed
that p63 might be required to maintain the regenerative
character of epithelial stem cells, rather than for kera-
tinocyte differentation (reviewed in Yang and McKeon,
2000). It was, however, impossible to specify which of
the different p63 isoforms is essential for these pro-
cesses. Also, little is known about the regulation of p63
expression.
Here we describe the isolation of three different
Np63 isoforms from the zebrafish. By using antisense
morpholino oligonucleotides directed against Np63,
we show that p63 lacking the transactivation domain is
required for skin formation and AER maintenance in
zebrafish pectoral fin buds. Analyses of earlier stages of
morphant embryos and overexpression studies further
reveal that Np63 acts as a transcriptional repressor
with a much earlier role during DV patterning of the Figure 1. Diagram of Isolated and Engineered p63 Isoforms and p63
zebrafish ectoderm. The early expression of Np63 in Expression Levels in Wild-Type and Mutant Zebrafish Embryos
the ventral ectoderm is directly activated by Smad4/5- (A) Structure of the longest version of mouse p63, the three isolated
mediated Bmp signaling and is sufficient to block ante- zebrafish Np63 isoforms, and the Eng repressor and VP16 trans-
activator fusion proteins generated to show that Np63 acts as arior neural specification while promoting early steps of
transcriptional repressor. TAD, transactivating domain; DBD, DNAepidermal specification, even in embryos lacking Bmp
binding domain; OD, oligomerization domain; SAM, sterile  motif.signaling.
Numbers indicate the percentages of amino acid conservation of
the different domains between mouse p63 and zebrafish Np63.
Compared to Np631, 2 lacks 12 amino acids at the indicated
Results position upstream of the SAM domain.
(B and C) Northern blot analyses. Upper panels show p63 signals,
and lower panels show large ribosomal RNA loading controls. (B)Cloning of Zebrafish Np63
Temporal expression profile in wild-type embryos. (C) ExpressionUsing a differential approach to isolate genes that are
levels in swr (bmp2b), snh (bmp7), sbn (smad5), and din (chordin)positively regulated by Bmps during zebrafish gastrula-
mutants and wild-type embryos at the tailbud stage.
tion, we cloned three different p63 isoforms. All encode
Np63 proteins lacking the N-terminal transactivating
(TA) domain, while the DNA binding domain and the
oligomerization domain are present. They must be real
1C). On the contrary, Np63 expression is upregulatedisoforms generated by the use of an internal promoter,
in embryos homozygous for dino, a mutation in the ze-rather than incomplete versions of TAp63 transcripts
brafish chordin gene, which acts as an inhibitor of(which we failed to clone), since they contain an up-
Bmp2/7. This demonstrates that Np63 expression isstream in-frame stop codon in their 5 UTR. In their C
tightly regulated by Bmp activity.terminus, the two longer Np63 isoforms (1 and 2)
correspond to the mammalian  splice products, con-
taining the SAM domain and the entire C-terminal tail, Np63 Is a Direct Transcriptional Target
while the shorter isoform corresponds to  splice vari- of Bmp Signaling
ants, with a C-terminal truncation starting before the In mammals, p63 transcription is driven by two distinct
SAM domain (Figure 1A; see Introduction). promoters, an internal promoter for the expression of
Northern blot analyses revealed a major p63 transcript Np63 and a distal promoter for the expression of trans-
of approximately 3 kb (Figure 1B) corresponding to one activating TAp63 versions. We isolated and sequenced
or both of the Np63 forms (predicted size 2.9 kb). the zebrafishNp63 promoter region and found putative
However, no transcripts of sizes which could corre- Smad4 and Smad5 binding sites shortly upstream of
spond to TAp63 isoforms were detected. Therefore, we the transcriptional start site. The sequences of these
conclude that the Np63 versions are the most abun- sites are 100% identical to the ideal binding sequences
dant, if not the only, p63 isoforms present during zebra- determined for mammalian Smad4 (Jonk et al., 1998)
fish embryogenesis. Np63 transcripts are at first de- and Smad5 (Li et al., 2001) (Figure 2A).
tectable at early gastrula stages (Figure 1B and RT-PCR In transactivation assays carried out in gastrulating
data; data not shown) and are found during all stages zebrafish embryos (Figure 2B), a 485 bpNp63 promoter
of later development. No Np63 expression can be de- fragment containing the TATA box and all putative Smad
tected in swirl/bmp2b mutant embryos, while snail- binding sites led to a 3.5-fold higher reporter gene (lucif-
house/bmp7 and somitabun/smad5 mutant embryos erase) expression than the minimal Np63 promoter
starting at the TATA box. Luciferase activity could bedisplay strongly reduced Np63 mRNA levels (Figure
Early and Late Roles of Zebrafish Np63
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Figure 2. Np63 Is a Direct Transcriptional
Target of Bmp Signaling
(A) Promoter region of the zebrafish Np63
gene. A single Smad5 binding site (S5), a pair
of palindromic Smad4 binding sites (S4/S4),
and a pair of a Smad4 site and a site with
motifs from both the Smad4 and the Smad5
consensus binding sequences (S4/S4 /5) are
boxed. The TATA box, the start of the coding
region, and the positions of the elements rela-
tive to the start codon are indicated. Palin-
dromic organization of Smad4 binding sites
has recently been described for several
Smad-responsive promoters (Jonk et al.,
1998).
(B) Transactivation assays carried out in ze-
brafish embryos. Reporter gene constructs
used are outlined on the left side. Elements
carrying the point mutations indicated in (A)
are crossed out. Bars in the graph represent
luciferase activities normalized for -Gal ac-
tivity and relative to the normalized basal ac-
tivity achieved with the deletion construct
starting at the TATA box. Results for three
to four different experimental conditions are
provided: injection of the reporter constructs
alone (white bar), coinjection with bmp2b
mRNA (light gray bar), coinjection with noggin
mRNA (black bar), and coinjection with
smad4 and smad5 mRNA (dark gray bar).
Similar results were obtained in three inde-
pendent experiments.
(C) EMSA analyses of purified His-tagged hu-
man Smad4 or Smad1 protein with DNA tem-
plates indicated on the left side, correspond-
ing to S4/S4 indicated in (A). Point mutations
in mutant templates mut a, mut b, and mut
ab are in bold and indicated by asterisks.
For competition experiments, unlabeled tem-
plate was used in 500-fold excess.
further increased by coinjecting the 485 bp Np63 pro- All together, the data indicate that the Np63 pro-
moter construct with bmp2b or with zebrafish smad4 moter contains bona fide Smad4 and Smad5 binding
and smad5 mRNA, whereas activity was reduced to sites, which are essential for Bmp-induced Np63 tran-
basal levels by coinjecting noggin mRNA, inhibiting en- scription in early zebrafish embryos.
dogenous Bmp signaling (Smith and Harland, 1992).
Upon introduction of point mutations into the Smad4 or
The Expression Pattern of Zebrafish Np63Smad5 binding sites, the 485 bp promoter construct
Whole-mount in situ hybridization revealed Np63 ex-gave rise to significantly reduced expression levels and
pression confined to the ventral side of midgastrula em-was less sensitive to coinjected bmp2b mRNA.
bryos (Figure 3A). No such expression is detectable inPhysical binding of Smad proteins to the putative sites
swr mutant embryos (Figure 3B), again showing thatin the Np63 promoter was tested in electrophoretic
bmp2b is essential for Np63 induction. Unlike bmp2b,motility shift analyses (EMSA; Figure 2C). A 25 bp frag-
however, which is expressed both in the ventral ecto-ment containing the distal pair of palindromic Smad4
derm in the animal zone and in the ventral mesodermbinding sites (S4/S4) was shifted both by purified His-
in the marginal zone of the midgastrula embryo (Figuretagged human Smad4 (Henningfeld et al., 2000) and by
3D), Np63 expression is confined to the ventral ecto-reticulocyte lysate-synthesized zebrafish Smad4 (Dick
derm, which will give rise to epidermal, nonneural fateset al., 2000a; data not shown), but not by human Smad1
(Figure 3C). Expression of Np63 in the prospective(Henningfeld et al., 2000). Binding was significantly re-
epidermal ectoderm is maintained throughout late gas-duced upon introduction of point mutations into either
trulation and early segmentation stages (Figure 3E). Itsite of the palindromic elements and completely abol-
becomes prominent at the border between epidermalished for templates with point mutations in both sites.
and neural ectoderm, thereby outlining the neural plateSimilarly, wild-type, but not double mutant cold tem-
and the prospective hatching gland (Figures 3F and 3G).plate, competed out labeled wild-type template from
Later, Np63 transcripts are present in the ectodermalSmad4 binding. Similar results were obtained for the
components of the branchial arches (Figure 3H) and theproximal pair of Smad4/5 binding sites (S4/S4 /5; data
not shown). pectoral fin buds (Figures 3I and 3J). Along the DV axis
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Figure 3. Np63 and bmp2b Are Coex-
pressed during Zebrafish Development
All embryos were stained by whole-mount in
situ hybridization with indicated probes. Un-
less indicated otherwise, wild-type embryos
are shown.
(A–D) 80% epiboly, lateral view, dorsal right,
animal pole (anterior) up. Arrows point to mar-
gin of embryos. (A) Np63. (B) Np63 in
bmp2b/swirl mutant swrta72. (C) Np63  Ntl
protein (in brown) marking the mesoderm in
the marginal zone of the embryo and the no-
tochord anlage on the dorsal side (Schulte-
Merker et al., 1992). (D) bmp2b.
(E) Np63, tailbud stage, dorsal right.
(F) Np63, two-somite stage.
(G) Np63, six-somite stage; flat mount, dor-
sal view, anterior to the left. Arrowheads point
to hatching gland anlage surrounded by
Np63-positive cells.
(H) Np63, 48 hpf, ventral view on head
region.
(I) Np63, 38 hpf, optical transverse section
through fin bud and trunk; axes of fin bud are
indicated; distal up, proximal down, ventral
left, dorsal right. The arrowhead points to pre-
sumptive apical ectodermal ridge (AER).
(J and K) 38 hpf, optical saggital section
through finbud; axes of fin bud indicated in
(J); distal up, proximal down, anterior left,
posterior right; (J) Np63; (K) bmp2b.
(L and M) 48 hpf, view on pectoral fin; axes
of fin indicated in (L); ventral up, dorsal down,
proximal left, distal right; (L) Np63; (M)
bmp2b. Arrowheads in (L) and (M) point to
AER; arrow in (M) points to bmp2b-positive
cells in proximal mesenchyme.
(N and O) 30 hpf, transverse section (N) and
optical transverse section (O) through trunk;
(N) Np63; (O) bmp2b. Arrowheads point to
clusters of positive cells in the skin.
of the fin bud, Np63 expression is confined to the of two different Np63 MOs generated very specific
defects during epithelial development, while a controldorsal half of the ectoderm, including the apical ectoder-
MO containing four nucleotide exchanges (4mm-MO)mal ridge (AER; arrowhead in Figure 3I) and the region
had no effect (see Experimental Procedures for num-between trunk and fin bud. Along the anterior-posterior
bers). Np63 morphant animals fail to form pectoral(AP) axis of the fin bud, Np63 is expressed over the
fins (Figures 4A and 4B). A morphological defect in finentire length of the AER (Figure 3J), similarly to bmp2b
development is already apparent at 48 hr after fertiliza-(Figure 3K). At later stages of fin development, Np63
tion (hpf), when the apical fold, a derivative of the AER,expression remains in the dorsal ectoderm and the AER
is absent in morphants (Figures 4C and 4D). Using(Figure 3L), while bmp2b is expressed both in the AER
bmp2b and fgf8 as molecular markers, defects in AERand in proximal mesenchymal cells (Figure 3M). Another
specification were detectable before any signs of aber-site of overlapping Np63 and bmp2b expression is the
rant bud morphology. During normal development, bothcutaneous ectoderm (Figures 3N and 3O), where both
genes are expressed in apical ectodermal cells, bmp2bNp63 and bmp2b are expressed in a “salt and pepper”-
from 28 hpf and fgf8 from 36 hpf onward. At 38 hpf,like pattern.
Np63 morphants display a normal or even slightly en-
hanced expression of bmp2b (Figures 4E and 4F),
Np63 Is Essential for Outgrowth of the Pectoral whereas no fgf8 transcripts can be detected at 38 hpf
Fins and Skin Development (Figures 4G and 4H) and 48 hpf (data not shown). Devel-
To assess the function of Np63 during embryogenesis, opment of mesenchymal bud cells, however, is only later
we blocked Np63 translation by injecting antisense affected. At 38 hpf, shh transcripts, marking posterior
morpholino oligonucleotides (MOs) (Nasevicius and Ek- mesenchymal cells in the zone of polarizing activity
ker, 2000) targeting the 5UTR ofNp63. Since in mouse (ZPA), are present at normal locations and at normal
and human, the Np63 and the TAp63 isoforms have levels in the fin buds of Np63 morphant embryos (Fig-
different 5 sequences (due to the use of different pro- ures 4I and 4J), while at 48 hpf, shh expression is strongly
moters), the MOs should be specific for Np63 and reduced or even absent (data not shown). The data indi-
cate that the loss ofNp63 primarily affects the ectoder-should not target zebrafish TAp63 versions. Injection
Early and Late Roles of Zebrafish Np63
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(Martorana et al., 2001), a marker for keratinocytes. This
effect is most prominent in the head region (Figures
4K and 4L), consistent with the phenotype of patients
suffering from Hay-Wells syndrome, characterized by
severe dermatitis in the scalp (McGrath et al., 2001).
In addition, rather than being evenly distributed like in
control embryos, zfk8-expressing cells of Np63 mor-
phants are present in patches. During later stages of
development, the entire head of Np63 morphant larvae
falls apart. Furthermore, the skin in the trunk and tail
displays sloughing (Figures 4M and 4N).
Np63 Is Required for DV Patterning of the
Ectoderm during Zebrafish Gastrulation
Upon injection of higher amounts of Np63 MOs or a
combination of both MOs, morphant embryos also dis-
played defects during much earlier steps of epidermal
development. Defects become apparent at midgastrula
stages, shortly after Np63 expression normally has
started in the nonneural (ventral, epidermal) ectoderm.
Np63 morphant embryos display a strong reduction in
the expression of nonneural marker genes such as gata2
(Kelley et al., 1994), whose expression domain becomes
restricted to ventral-most regions of the ectoderm (Fig-
ure 5C; 30/38 embryos). In parallel, the neuroectoderm
becomes enlarged, as revealed by the broader expres-
sion of six3.1 and pax2.1, marking the presumptive fore-
brain and the midbrain-hindbrain boundary region, re-
spectively (Figure 5D; 17/21 embryos). These shifts—in
contrast to the described later defects during skin and
pectoral fin development—can be completely rescued
by coinjecting Np63 mRNA lacking the 5 UTR se-
quences recognized by the MOs (Figures 5E and 5F; 51/
51 embryos; see Discussion). In addition, they can be
phenocopied by injection of mRNA encoding transacti-
vating versions of the p53 family, such as mouse p53
(data not shown; 31/35 embryos) or mouse TAp63 (Fig-
ures 5G and 5H; 25/29 embryos).
Figure 4. MO-Based Zebrafish Np63 Knockdown Affects Pectoral Overexpression of Np63 Leads
Fin and Skin Development
to Anterior CNS Truncations
Upper panel of each block shows control animals injected with 4 Opposite shifts in DV patterning of the ectoderm were
mm MO; lower panel morphants were injected with Np63 MOs.
obtained inNp63 gain-of-function experiments, injecting(A–D, M, and N) live larvae; (E–L) in situ hybridization with indicated
Np63 mRNA alone. The strongest effects were observedprobes.
(A and B) 72 hpf, dorsal view on anterior region. Arrows in (B) point for the  isoforms, which contain the C-terminal SAM
to missing pectoral fins. domain, whereas the shorter  isoform was approximately
(C and D) 48 hpf, view on pectoral fin. The arrowhead in (C) points 20-fold less effective (see Experimental Procedures for
to apical fold missing in (D). numbers). Injection of either Np631 or Np632 mRNA
(E–J) 38 hpf, saggital optical section through fin bud in orientation
resulted in embryos displaying a strong dorsal expan-indicated in Figure 3J. (E and F) bmp2b. (G and H) fgf8. Arrowheads
sion of the gata2 expression domain, which is particularyin (H) point to AER lacking fgf8 expression. (I and J) shh.
(K and L) zfk8, 48 hpf, dorsal view on head. White arrowheads in striking in animal regions of the ectoderm (Figure 5I),
(L) point to clusters of zfk8-positive cells. while six3.1 expression in anterior dorsal regions is
(M and N) 54 hpf, dorsal view on trunk/tail. Arrowheads in (N) point strongly reduced (Figure 5J). Sectioning revealed that
to blisters in skin. the anterior neuroectoderm is completely devoid of
six3.1 transcripts and that the remaining six3.1 expres-
sion is confined to the underlying anterior mesodermmal/epithelial components of the pectoral fin buds. Ec-
todermal cells that appear to be present, however, fail (Figure 5J), which also appears normal with other meso-
derm-specific markers such as bmp4 and hgg1 (Figureto undergo certain specification processes required for
AER function and fin bud outgrowth. In addition to the 6B). Posterior regions of the neuroectodermal plate are
less affected, as indicated by the expression of pax2.1ectoderm of the AER, skin-forming ectodermal deriva-
tives are affected by Np63 MO injection. At 48 hpf, (Figure 5J) and krox20, a marker for rhombomeres 3 and
5 of the hindbrain (Figure 6F). Fate mapping experimentsNp63 morphants display a strong reduction in the num-
ber of epidermal cells expressing cytokeratin 8 (zfk8) have shown that the posterior neuroectoderm derives
Developmental Cell
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Figure 5. Np63 Regulates Early DV Patterning of the Ectoderm
First row shows stainings for gata2 and Ntl (in brown); 80% epiboly, lateral view, dorsal right, animal pole up. Arrows point to the dorsal
border of the gata2 expression domain. Second row shows stainings for six3.1 (indicated by arrowheads), pax2.1 (indicated by arrows), and
Ntl; tailbud stage, animal view, anterior left.
(A and B) Uninjected control embryos.
(C and D) Embryos coinjected with both Np63 MOs.
(E and F) Embryos coinjected with both Np63 MOs and moderate amounts of Np63 mRNA.
(G and H). Embryos injected with mRNA encoding mouse TAp63.
(I and J) Embryos injected with Np63 mRNA. In (J), the remaining six3.1 expression is confined to the anterior mesoderm (see longitudinal
sections of embryos in lower panels of [B] and [J]).
(K) Diagram linking the graded effect of Np63 gain- and loss-of-function in animal (a) and marginal (m) regions of the ectoderm to the graded
response along the AP axis of the neuroectoderm. The strong and weak shifts caused by Np63 during gastrula stages are indicated by large
and small arrows. Nonneural ectoderm (gata2) is marked in yellow, anterior neuroectoderm (six3.1) in light blue, and the midbrain-hindbrain
boundary region (pax2.1) in blue. Abbreviations: a, animal pole; m, marginal regions.
from more marginal regions of the dorsal ectoderm than jaw and hatching glands and the rest of the embryo
develop normally (Figures 6J and 6K).the anterior neuroectoderm, which derives from animal-
most regions (Woo and Fraser, 1995). Thus, the differen-
tial responses along the AP axis of the neuroectoderm Np63 Acts as a Transcriptional Repressor
Whose Effect Can Be Suppressed by theare consistent with the stronger effect of Np63 in ani-
mal than in marginal regions of the ectoderm, as illus- Transactivators p53 and TAp63
The Np63 isoforms used in our overexpression studiestrated in Figure 5K. During postgastrula stages, Np63
mRNA-injected embryos lack the expression of anterior lack the N-terminal transactivating domain. To test
whether they act as transcriptional activators or repres-forebrain markers, such as anf1/hesx1 (Figure 6D), a
marker for the anterior neural ridge (ANR), and emx1, a sors, we generated different constructs in which the
DNA binding and the oligomerization domains of Np63marker for the presumptive telencephalon. Despite this
loss of forebrain-specific gene expression, the head re- were fused either with the Engrailed repressor or with
the VP16 activator domain (Figure 1A). Injection ofgion ofNp63 mRNA-injected embryos still has its regu-
lar AP length. In addition, it appears only slightly flatter Np63-Eng mRNA resulted in embryos with anterior
CNS truncations indistinguishable from those obtainedalong the DV axis (Figure 6F), although mesodermal cells
are confined to the ventral-most layers of the head re- upon overexpression of wild-type Np63 (Figures 6K
and 6L). In contrast, injection of Np63-VP16 mRNAgion (compare with Figure 6B). Thus, it appears that at
this stage of development, the anterior head of Np63 gave embryos with opposite features, morphologically
characterized by posterior truncations and a normal ormRNA-injected embryos still contains many ectodermal
cells. Shortly later, however, these anterior ectodermal even slightly enlarged anterior CNS (Figure 6M). These
results indicate that Np63 acts as a transcriptionalcells start to become apoptotic (Figure 6H), leading to
severe anterior CNS truncations during later stages of repressor. The effect of Np63 could be rescued with
various transactivating p53/p63 versions. Thus, fore-development. Thus, Np63 mRNA-injected larvae lack
forebrain and eyes, while other anterior structures like brain and eyes were regained upon coinjection of
Early and Late Roles of Zebrafish Np63
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Figure 6. Np63 Blocks Forebrain Develop-
ment and Acts as a Transcriptional Repressor
Antagonized by TAp63.
In (A–H), upper panels show uninjected con-
trols, and lower panels show animals injected
with Np63 mRNA. In situ probes used are
indicated in lower panels.
(A and B) bmp4, tailbud stage, lateral view,
anterior up. Arrows point to normal expres-
sion in prechordal plate. Insets: hgg1, tailbud
stage, animal view, dorsal right.
(C and D) anf1, tailbud stage, animal view,
dorsal right.
(E and F) emx1 and krox20, five-somite stage,
lateral view. Arrowheads point to emx1 stain-
ing in the presumptive telencephalon.
(G and H) Acridine orange staining, 12-somite
stage, lateral view. Arrowhead in (H) points
to apoptotic cells in the anterior neuroecto-
derm. The border between mesoderm and
neuroectoderm is indicated by lines.
(I and J) 120 hpf, lateral view. Arrowhead in
(J) points to jaw.
(K–N) Anterior half of 24 hpf embryos injected
with Np63 mRNA (K, arrow to hatching
glands), Np63-Eng mRNA (L), Np63-VP16
mRNA (M; arrow to eye),and Np63 mRNA
plus mouse TAp63 mRNA (N). Asterisks in
(K), (L), and (N) mark the midbrain-hindbrain
boundary; arrowheads mark tectum.
Np63 mRNA with mRNA encoding transactivating Discussion
members of the p53 family, such as mouse p53 or mouse
TAp63 (Figure 6N). There is substantial agreement on the neural default
model according to which ectodermal cells will undergo
neural specification unless instructed otherwise. In par-
Np63 Is Sufficient for Nonneural Ectoderm
ticular, Bmps have been identified as such instructiveFormation in Embryos Lacking Bmp Activity
agents, suppressing neural and promoting nonneuralWe have shown that Np63 expression is regulated by
specification unless inhibited themselves by Bmp antag-Bmps. In contrast to Np63, however, Bmps are in-
onists such as Chordin and Noggin from the organizervolved in DV patterning of both the ectoderm and the
(reviewed in Hemmati-Brivanlou and Melton, 1997). Thismesoderm. Thus, blockage of Bmp signaling, as for in-
default model predicts the presence of a transcriptionalstance achieved by overexpression of noggin (Smith
repressor downsteam of Bmp that blocks neural specifi-and Harland, 1992), a potent Bmp inhibitor (Zimmerman
cation in ventral cells. In this paper, we provide dataand Harland, 1996), leads to a dorsalization of both germ
suggesting that Np63 is such a repressor specificallylayers; the expression of nonneural ectodermal markers,
active in the ventral ectoderm.such as gata2, and ventral mesodermal markers, such
as eve1 (Joly et al., 1993), is lost, while markers for the
anterior neuroectoderm, such as otx2 (Li et al., 1994), Np63 Is a Direct Transcriptional Target
of Bmp Signalingand markers for the paraxial mesoderm are expressed
both dorsally and ventrally (Figures 7A–7D; data not Several lines of evidence indicate that zebrafish Np63
is a direct transcriptional target of Bmp signaling. Itsshown). To study the epistasis between Bmp signaling
and Np63 during ectoderm patterning, we injected expression overlaps with the ectodermal expression of
bmp2b and bmp7 (Dick et al., 2000b) during gastrulation,Xnoggin mRNA together with Np63 mRNA. In such
coinjected embryos, the expression of the nonneuronal but also with that of bmp2b at several other sites of
older zebrafish, such as in the AER of the pectoral finmarker gata2 is fully restored (Figure 7F), while the ex-
pression of the anterior neuroectodermal marker gene buds and in clusters of cells in the developing skin.
Moreover, absence or elevation of Bmp signaling in ze-otx2 becomes restricted to the dorsal side of the embryo
(Figure 7E). In contrast, the mesoderm of the same coin- brafish mutants leads to a corresponding up- or down-
regulation in Np63 expression. Most importantly, wejected embryos remains completely dorsalized, as re-
vealed by the maintained absence of eve1 expression identified Smad4 and Smad5 binding sites upstream of
the transcriptional start site of Np63. Smad5—and its(Figure 7E). These results suggest that Np63 is suffi-
cient to compensate for the loss of Bmp activity in ven- interaction with Smad4—has been previously shown to
be required for mediating Bmp signals in early zebrafishtral specification in the ectoderm, while it cannot com-
pensate for the loss of Bmp activity in the mesoderm. embryos (Hild et al., 1999). Consistently, we found the
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mouse TAp63 isoform. In addition to this competition
with transactivating family members, Np63 might have
direct or indirect repressor activity. This notion is sup-
ported by our results obtained with the different Np63
isoforms. Thus, the Np63 isoform, which lacks a large
portion of the C terminus including the SAM domain,
has lost most of its ability to give a “headless” pheno-
type. This activity is, however, completely restored when
an Engrailed repressor domain is added. These data
indicate that the C-terminal region of Np63 acts as a
transcriptional repressor, either via endogenous repres-
sor motifs or by recruiting thus far unidentified corepres-
sor proteins.
Np63 Is Essential for the Development
of Epithelial Cell Types
The in vivo function of p63 has been previously ad-
dressed by gene targeting in mice (Yang et al., 1999;
Mills et al., 1999). Since the entire p63 gene was deleted,
these studies were unable to discriminate between
Np63 and the transactivating TAp63 isoforms. p63 mu-
tant mice show limb and skin defects comparable to
those observed in our Np63 morphant zebrafish em-
bryos. In particular, mutant mice display a notable
sloughing of the skin, with remaining skin cells showing
staining for epithelial differentiation markers, indicating
Figure 7. Np63 Compensates for the Loss of Bmp Signaling in the that p63/ epithelial cells are able to progress through
Ectoderm but Not in the Mesoderm all stages of keratinocyte differentiation (Yang et al.,
All embryos are at 80% epiboly, lateral view, dorsal right, animal 1999). The authors concluded that p63, rather than for
pole up. Embryos in the first column (A, C, and E) are stained for keratinocyte differentiation, is required for cell prolifera-
otx2, a marker for anterior neuroectoderm, and eve1, a marker for
tion in skin stem cell clusters (Yang and McKeon, 2000).ventral mesoderm. Arrowheads point to the ventral/anterior border
The same appears to be true for skin cells in Np63of the otx2 expression domain, and arrows point to eve1 expression
morphant zebrafish, as they fail to proliferate (Lee andabsent in (C and E). Embryos in the second column (B, D, and F)
are stained for gata2. Arrowheads in (B) and (F) point to the dorsal Kimelman, 2002 [this issue of Developmental Cell]) and
border of the gata2 expression domain. (A and B) Uninjected control are strongly reduced in number, but still express cyto-
embryos. (C and D) Dorsalized embryos injected with Xnoggin keratin8 (see Figure 4). Since in our studies the antisense
mRNA. (E and F) Embryos coinjected with Np63 and Xnoggin
oligonucleotides used are specific for theNp63 isoforms,mRNA.
we conclude that it is most likely the repressing Np63
isoforms that are responsible for the proliferation of skin
stem cells. The maintenance of such skin stem cell clus-Smad4/5 binding sites of the Np63 promoter sufficient
ters has previously been described as involving Notch-and necessary to drive Bmp-dependent reporter gene
Delta signaling (Lowell et al., 2000). Our findings thatexpression during zebrafish gastrulation.
early Np63 transcription depends on Bmp signaling,
together with the coexpression of bmp2b and Np63 inNp63 Is a Transcriptional Repressor
cell clusters in the developing skin, point to the Bmps asIn further agreement with the notion of Np63 mediating
potential additional factors regulating keratinocyte prolif-Bmp-dependent blockage of neural specification, we
eration and differentation (see also McDonnell et al., 2001;provide data thatNp63 acts as a transcriptional repres-
Blessing et al., 1996).sor. Thus, upon injection into zebrafish embryos, Np63
mRNA has the same effect as mRNA encoding a fusion
protein of the p63 DNA binding and oligomerization do- Np63 Regulates DV Patterning of the Zebrafish
Ectodermmains with the Engrailed repressor domain, whereas
the corresponding fusion with the VP16 transactivating In addition to these rather late processes of epidermal
cell development, much earlier steps of epidermal celldomain has the opposite effect. The mode of the repres-
sive action of Np63 is currently unclear. However, our specification processes are affected both upon loss-
and upon gain-of-Np63 function. Fate map studiesdata suggest that it might be two-fold. First, Np63
might act in a competitive manner by occupying binding have shown that epidermal cells derive from the ventral
(nonneural) ectoderm of early gastrula embryos. At itssites of transactivating members of the p53/63/73 fam-
ily. Studies carried out with mammalian p53/63/73 pro- dorsal side, the epidermal domain is faced by the neu-
roectoderm. Animal-most regions of the neuroectoder-teins have indicated that p63 and p53 share some, al-
though not all, target genes (see for review Levrero et mal field give rise to telencephalon and diencephalon
(both forebrain), followed by midbrain, hindbrain, andal., 2000). This is consistent with our findings that the
effect of Np63 overexpression in zebrafish embryos spinal cord in more marginal subdomains (Woo and Fra-
ser, 1995). Np63 mRNA-injected embryos display acan be suppressed by mouse p53 or the transactivating
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dorsal expansion of nonneural (epidermal) ectoderm, can be rescued by coinjected Np63 mRNA, pointing
to a distinct later requirement of Np63 after midseg-while loss of Np63 function or the injection of mRNA
encoding transactivating p63 isoforms has the opposite mentation stages, when the injected mRNA has been
degraded (Hammerschmidt et al., 1999), while the MOseffect, leading to a ventral retraction of the epidermal
field. Interestingly, these effects are most prominent in are still active (Nasevicius and Ekker, 2000). Secondly,
we found that skin formation can be perturbed at loweranimal regions of the ectoderm. Thus, the dorsal expan-
sion of the epidermal field in Np63-injected embryos MO concentrations than DV patterning, suggesting that
during skin formation, higher Np63 levels are requiredis largely at the expense of the anterior neuroectoderm,
leading to the later loss of forebrain and eyes, while than during DV patterning. Consistent with this notion,
Lee and Kimelman (2002) report in their accompanyingmore posterior regions of the neuroectoderm develop
rather normally. The reasons for this differential suscep- paper that Np63 nuclear import is enhanced during
later developmental stages to trigger proliferation of epi-tibility within the neuroectodermal field are currently un-
clear. A loss of the anterior neuroectoderm is also ob- dermal stem cells. All together, this suggests a model
according to which the role of Np63 is two-fold. First,served in various zebrafish mutants, such as in dino
mutants lacking the Bmp2/7 inhibitor Chordin (Ham- at low concentrations, it prevents ventral ectodermal
cells from differentiating. According to the neural defaultmerschmidt et al., 1996; Fisher et al., 1997), in bozozok
mutants lacking the bmp2b repressor and putative Wnt concept, differentation of ectodermal cells at this early
stage would automatically lead to neural development.inhibitor Dharma/Nieuwkoid (Fekany et al., 1999; Koos
and Ho, 1999), and in mutants lacking the negative Wnt8 Indeed, it was shown that epidermal cells differentiate
much later than neural cells. Later and at higher concen-regulators Headless/Tcf3 (Kim et al., 2000) or Mas-
terblind/Axin1 (Heisenberg et al., 2001). However, in all trations, Np63 promotes proliferation of such nonneu-
ral, presumptive epidermal cells. Thus, Np63 appearsof these cases, the phenotypes are either more complex
or due to interference with other patterning processes. to be a stem cell maintenance factor, differentially
blocking cell differentiation and promoting cell prolifera-Thus, in dino and bozozok mutants, not only the ventral
ectoderm, but also the ventral mesoderm is dorsally tion in a temporally controlled and dose-dependent
fashion.expanded (Mullins, 1999). In headless and masterblind
mutants, early DV patterning of the ectoderm, as as-
Experimental Proceduressessed by gata2 and six3.1 expression, is normal (J.B.
and M.H., unpublished observation). Thus, in contrast to
Cloning of Zebrafish Np63 and Northern Blot AnalysisectopicNp63 or unrestricted Bmp activity, unrestricted
To isolate genes positively regulated by Bmp signaling, we con-
Wnt8 activity does not lead to a reduction of the neu- structed a substractive wild-type-swirl cDNA library, enriched for
roectodermal field. Rather, patterning processes within ventral-specific transcripts missing in the strongly dorsalized
bmp2b/swirl mutant, followed by differential hybridization of thethe neuroectoderm are affected, leading to an enlarge-
library with substracted and reverse substracted cDNA (Dick et al.,ment of the midbrain at the expense of the forebrain
2000b). The inserts of two of the positive clones showed significant(Kim et al., 2000), a phenotypic trait not observed in our
similarity to mouse and human p63 and were used to screen five
Np63 mRNA-injected embryos.
different gastrula and somitogenesis cDNA libraries (kind gifts of D.
In summary, in contrast to the described mutants, the Grunwald, J. Campos-Ortega, and M. Clark) to obtain full-length
effect of Np63 is restricted to the ectoderm, regulating transcripts. In addition, 5 RACE and 3 RACE was carried out using
kits according to manufacturer’s instructions (Invitrogene, Carlsbad,its subdivison into nonneural and neural. Most notably,
CA). Multiple p63 clones and sequences were obtained, most ofthe effect of forced Np63 expression is dominant over
which corresponded to the Np631 isoform. Only one Np63the effect caused by Bmp inhibiton. Thus, it appears that
clone was isolated from a shield cDNA library. All attempts to isolatewithin the ectoderm, Bmp fulfills at least parts of its
cDNAs encoding TAp63 isoforms via 5 RACE or library screening
ventralizing job via the transcriptional activation of failed. Northern blot analysis was carried out as previously de-
Np63. Interestingly, the enlarged nonneural domain of scribed (Dick et al., 2000b). For RNA collection, the following mutant
lines were used: swrta72, sbndtc24, snhty68, and dintt250.Np63 mRNA-injected embryos does not appear to give
rise to correspondingly more epidermal cells. Rather,
Generation of Constructs, mRNA Synthesis,the gained dorsal cells die during segmentation stages,
and Microinjectionsuggesting that in ectopic locations, Np63 is sufficient
p63 isoforms were amplified with primers containing ClaI and XbaIto block neural specification, while later steps of epider-
restriction sites from full-length cDNA using cloned Pfu DNA poly-
mal specification require additional Bmp-dependent merase (Stratagene, La Jolla, CA) and ligated into pCS2 to create
factors that act in parallel to Np63. pCS2-Np631, pCS-Np632, and pCS2-Np63 expression con-
structs. The activation domain of VP16 or the repressor domain of
Drosophila Engrailed were amplified and ligated into pCS2-Np631Connection between the Early and the Late
truncated after amino acid position 346 to generate pCS2-Np63-Roles of Np63
VP16 and pCS2-Np63-Eng expression constructs, respectively.
The described early and late defects caused by the Capped RNA was prepared with the Message Machine kit (Ambion,
loss of Np63 function during DV patterning and skin Austin, TX). RNA was dissolved in water, and 1 nl per embryo was
injected at indicated concentrations as described (Hammerschmidtformation occur in the same cell lineages. This could
et al., 1996). Embryo morphology was scored at 36 hpf for reducedreflect either distinct roles ofNp63 in subsequent steps
or complete absence of forebrain and eyes, unless indicated other-of epidermal development or early and late conse-
wise. Efficiencies were as follows: 25 ng/l Np631, 83% (n 	quences of the early role. Two observations support
204); 25 ng/l Np632, 85% (n 	 114); 25 ng/l Np63, 5% (n 	
the notion of two subsequent, but related activities of 178); 100 ng/l Np63, 18% (n 	 148); 5 ng/l Np63-Eng, 63%
Np63. First, we found that only DV patterning, but not (n	 108); 1 ng/l Np63-VP16, 41% (n	 150) posterior truncations.
For rescue experiments, 25 ng/l Np631 was coinjected withskin and pectoral fin development, of Np63 morphants
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either 0.5 ng/l HA-mp53, resulting in 83% (n 	 79) wild-type em- Received: August 28, 2001




Genomic Np63 clones were isolated from a BAC library (Incyte Bauer, H., Lele, Z., Rauch, G.-J., Geisler, R., and Hammerschmidt,
Genomics, Cambridge, UK). Promoter fragments were cloned into M. (2001). The type I serine/threonine kinase receptor Alk8/Lost-a-fin
the HindIII and NcoI sites of pGL3-Basic (Promega, Madison, WI). is required for Bmp2b/Bmp7 signal transduction during dorsoventral
Point mutations were introduced via PCR-based site-specific muta- patterning of the zebrafish embryo. Development 128, 849–858.
genesis using the QuickChange Mutagenesis kit (Stratagene). Em- Blessing, M., Schirmacher, P., and Kaiser, S. (1996). Overexpression
bryos were injected with 10–50 ng/l of luciferase plasmid DNA plus of bone morphogenetic protein-6 (BMP-6) in the epidermis of trans-
pCS2-gal for normalization. Extracts of dechorionated embryos of genic mice: inhibition or stimulation of proliferation depending on the
the 70% epiboly stage were made in Reporter Lysis buffer (Promega) pattern of transgene expression and formation of psoriatic lesions. J.
according to manufacturer’s protocol. Luciferase activity of extracts Cell Biol. 135, 227–239.
was measured using the Luciferase Assay System (Promega). To
Celli, J., Duijf, P., Hamel, B.C., Bamshad, M., Kramer, B., Smits,measure -gal activity, extracts were incubated at 37
C in P buffer
A.P., Newbury-Ecob, R., Hennekam, R.C., Van Buggenhout, G., van(60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgCl2) con-
Haeringen, A., et al. (1999). Heterozygous germline mutations in thetaining 0.8 mg/ml nitrophenylgalactopyranoside (ONPG). Enzymatic
p53 homolog p63 are the cause of EEC syndrome. Cell 99, 143–153.reaction was stopped after 30 min with 0.3 M Na2CO3, and ab-
Dick, A., Mayr, T., Bauer, H., Meier, A., and Hammerschmidt, M.sorbance was determined at 420 nm.
(2000a). Cloning and characterization of zebrafish smad2, smad3
and smad4. Gene 246, 69–80.Morpholino Oligonucleotides
Morpholino oligonucleotides (MOs; Gene Tools, Corvallis, OR) were Dick, A., Hild, M., Bauer, H., Imai, Y., Maifeld, H., Schier, A., Talbot,
dissolved in water to 4 mM. For injection, MOs were diluted in 1 W., Bouwmeester, T., and Hammerschmidt, M. (2000b). Essential
Danieu’s buffer (Nasevicius and Ekker, 2000). role of Bmp7 (snailhouse) and its prodomain in dorsoventral pat-
Sequences, concentrations, and efficiencies of injected MOs terning of the zebrafish embryo. Development 127, 343–354.
were: Np63-MO1, CCACAGGCTCCAGGATTCTTACCCC, 20 M, Fekany, K., Yamanaka, Y., Leung, T., Sirotkin, H.I., Topczewski, J.,
68% (n 	 121); Np63-MO2, CCCTAGTTTTCTTCCTTTTATCCCC, Gates, M.A., Hibi, M., Renucci, A., Stemple, D., Radbill, A., et al.
20 M, 100% (n 	 147); Np63-4mm MO1, CCAGAGGGTCCAG (1999). The zebrafish bozozok locus encodes Dharma, a homeodo-
GATTCATACGCC, 20 M, 0% (n 	 134) main protein essential for induction of gastrula organizer and dor-
For interfering with early development, MOs 1 and 2 were coin- soanterior embryonic structures. Development 126, 1427–1438.
jected at a total concentration of 0.4 mM (0.2 mM each).
Fisher, S., Amacher, S.L., and Halpern, M.E. (1997). Loss of cerebrum
function ventralizes the zebrafish embryo. Development 124, 1301–
In Situ Hybridization and Immunohistochemistry
1311.
Whole-mount in situ hybridizations, antibody counterstainings, and
Fu¨rthauer, M., Thisse, C., and Thisse, B. (1997). A role for FGF-8 inacridine orange stainings were carried out as previously described
the dorsoventral patterning of the zebrafish gastrula. Development(Hammerschmidt et al., 1996). For Np63 in situ probe synthesis,
124, 4253–4264.plasmid pBS-ketm81/4 was linearized with KpnI and transcribed
with T3 RNA polymerase. In addition, riboprobes of the following Hammerschmidt, M., Pelegri, F., Mullins, M.C., Kane, D.A., van
cDNAs were used: bmp2b (Nikaido et al., 1997), fgf8 (Fu¨rthauer et Eeden, F.J.M., Granato, M., Brand, M., Furutani-Seiki, M., Haffter,
al., 1997), shh (Krauss et al., 1993), zfk8 (Martorana et al., 2001), P., Heisenberg, C.-P., et al. (1996). dino and mercedes, two genes
anf1 (Kazanskaya et al., 1997), hgg1 (Thisse et al., 1994), six3.1 regulating dorsal development in the zebrafish embryo. Develop-
(Kobayashi et al., 1998), emx1 (Morita et al., 1995), krox20 (Oxtoby ment 123, 95–102.
and Jowett, 1993), bmp4 (Nikaido et al., 1997), gata2 (Kelley et al., Hammerschmidt, M., Blader, P., and Stra¨hle, U. (1999). Strategies
1994), otx2 (Li et al., 1994), pax2.1 (Krauss et al., 1992), and eve1 to perturb zebrafish development. Methods Cell. Biol. 59, 87–115.
(Joly et al., 1993).
Heisenberg, C.-P., Houart, C., Take-Uchi, M., Rauch, G.J., Young,
N., Coutinho, P., Masai, I., Caneparo, L., Concha, M.L., Geisler, R.,
EMSA
et al. (2001). A mutation in the Gsk3-binding domain of zebrafish
In vitro translated protein was synthesized using rabbit reticulocyte
Masterblind/Axin1 leads to a fate transformation of telencephalon
lysate (Promega). His-tagged fusion proteins were expressed in E.
and eyes to diencephalon. Genes Dev. 15, 1427–1434.
coli and purified using Ni-NTA agarose according to the manufactur-
Hemmati-Brivanlou, A., and Melton, D. (1997). Vertebrate embryonicer’s protocol (Qiagen, Hilden, Germany). Binding reactions were
cells will become nerve cells unless told otherwise. Cell 88, 13–17.performed in a total volume of 20 l containing 20 mM HEPES-K
(pH 7.9), 30 mM KCl, 4 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 0.1 Henningfeld, K.A., Rastegar, S., Adler, G., and Kno¨chel, W. (2000).
mg/ml BSA, 10% glycerol, and 1 g poly(dI-dC). Reactions con- Smad1 and Smad4 are components of the bone morphogenetic
tained 1 l of in vitro translated protein or 0.1 g His-Smad fusion protein-4 (BMP-4)-induced transcription complex of the Xvent-2B
protein and 20,000 cpm of probe, labeled with [-32P]dCTP using promoter. J. Cell Biol. 275, 21827–21835.
Klenow fragment. Reactions were allowed to proceed for 15 min at Hild, M., Dick, A., Rauch, G.-J., Meier, A., Bouwmeester, T., Haffter,
room temperature and analyzed on a 5% native polyacrylamide gel P., Hammerschmidt, M. (1999). The smad5 mutation somitabun
containing 0.5 TBE. blocks Bmp2b signaling during early dorsoventral patterning of the
zebrafish embryo. Development 126, 2149–2159.
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